Abstract Lymphangioleiomyomatosis (LAM) is a femalepredominant lung disease that can lead to respiratory failure. LAM cells typically have inactivating tuberous sclerosis 2 (TSC2) mutations, leading to mTORC1 hyperactivation. The gender specificity of LAM suggests that female hormones contribute to disease progression. Clinical findings indicate that estradiol exacerbates LAM behaviors and symptoms. Although hormonal therapy with progesterone has been employed, the benefit in LAM improvement has not been achieved. We have previously found that estradiol promotes the survival and lung metastasis of cells lacking tuberin in a preclinical model of LAM. In this study, we hypothesize that progesterone alone or in combination with estradiol promotes metastatic behaviors of TSC2-deficient cells. In cell culture models of TSC2-deficient LAM patient-derived and rat uterine leiomyomaderived cells, we found that progesterone treatment or progesterone plus estradiol resulted in increased phosphorylation of Protein Kinase B (Akt) and Extracellular signal-regulated kinases1/2 (ERK1/2), induced the proliferation, and enhanced the migration and invasiveness. In addition, treatment of progesterone plus estradiol synergistically decreased the levels of reactive oxygen species and enhanced cell survival under oxidative stress. In a murine model of LAM, treatment of progesterone plus estradiol promoted the growth of xenograft tumors; however, progesterone treatment did not affect the development of xenograft tumors of Tsc2-deficient cells. Importantly, treatment of progesterone plus estradiol resulted in alteration of lung morphology and significantly increased the number of lung micrometastases of Tsc2-deficient cells compared with estradiol treatment alone. Collectively, these data indicate that progesterone increases the metastatic potential of Tsc2-deficient LAM patient-derived cells in vitro and lung metastasis in vivo. Thus, targeting progesterone-mediated signaling events may have therapeutic benefit for LAM and possibly other hormonally dependent cancers.
Introduction
Lymphangioleiomyomatosis (LAM) is a progressive lung disease that affects almost exclusively women. The pathogenesis of the sporadic form of LAM is unusual: LAM cells are histological benign smooth muscle cells that metastasize to the lungs [1] , where they cause emphysema-like cystic lung degeneration in young, otherwise healthy, nonsmoking women [2, 3] . The majority of LAM patients also have renal angiomyolipomas, which are benign tumors containing smooth muscle cells that are indistinguishable from LAM cells. LAM and angiomyolipoma cells have mutations in tuberous sclerosis 1 (TSC1) or tuberous sclerosis 2 (TSC2), leading to the activation of the mammalian target of rapamycin complex 1 (mTORC1). mTORC1 regulates cell growth, protein translation, and metabolism. Treatment with rapamycin, an mTORC1 inhibitor, can stabilize lung function in LAM, but lung function decline continues when the drug is discontinued [4] . The only proven treatment for end-stage disease is lung transplantation, after which LAM can recur in the transplanted lungs [5] .
The female predominance of LAM coupled with the genetic data indicates that estradiol may promote LAM pathogenesis. Both LAM cells and renal angiomyolipoma cells express estradiol receptor alpha and progesterone receptor [6] [7] [8] [9] [10] [11] [12] [13] . LAM occurs exclusively in women during their reproductive age, and the symptoms of LAM become complicated during pregnancy [3, 14, 15] and by administration of exogenous estradiol [16] [17] [18] . These clinical findings provided rationales for hormonal therapy, particularly using progesterone, for the treatment of women with LAM; however, the benefit has not been successfully demonstrated [19] [20] [21] .
In preclinical models of LAM, estradiol promoted the survival and metastasis of TSC2-deficient cells [22] [23] [24] . Faslodex, a pure estradiol receptor antagonist, blocked estradiol-induced lung metastasis of Tsc2-deficient cells in a metastatic model [25] . In addition, it has been shown that estradiol promoted whereas tamoxifen suppressed the development of liver hemangiomas in Tsc1 heterozygous mice [26] . Furthermore, in a recently developed uterine-specific Tsc2 knockout mouse model, estradiol treatment increased myometrial proliferation, which was suppressed by ovariectomy and aromatase inhibition. Interestingly, progesterone treatment did not affect the proliferation of myometrial [24] . Despite these findings, the impact of progesterone on the proliferation, survival, and metastasis of cells lacking TSC2 has not been extensively investigated.
We report here that progesterone treatment or progesterone plus estradiol activated Akt and ERK1/2 signaling pathways in LAM patient-derived cells. Importantly, progesterone alone or in combination with estradiol strongly enhanced the migration and invasiveness of TSC2-deficient cells. In addition, treatment of progesterone plus estradiol synergistically decreased the cellular levels of reactive oxygen species (ROS) and enhanced cell survival under oxidative stress. Furthermore, treatment of progesterone plus estradiol promoted the growth of xenograft tumors; however, progesterone treatment did not affect the development of xenograft tumors of Tsc2-deficient cells. Importantly, treatment of progesterone plus estradiol promoted the lung metastasis of Tsc2-deficient cells compared with estradiol treatment alone. Collectively, these data demonstrate that progesterone, in addition to estradiol, increases the metastatic potential of TSC2-deficient LAM patient-derived cells in vitro and lung metastasis in vivo. Thus, targeting progesterone-mediated signaling and/or cellular events may have therapeutic benefit for LAM and possibly other hormonally dependent neoplasm.
Results
Progesterone Activates ERK1/2 and Akt and Enhances the Proliferation of TSC2-Deficient Cells LAM patientassociated angiomyolipoma-derived cells and rat uterine leiomyoma-derived cells express estrogen receptor alpha (ERα) and progesterone receptor (PgR) and respond to estradiol stimulation [6, 27] . The patient-derived cells were developed from a sporadic LAM-associated renal angiomyolipoma. These cells carry bi-allelic mutations of the TSC2 gene that are identical to the mutations found in the patient's pulmonary LAM cells [6] . The rat cells were developed from an Eker rat uterine leiomyoma, which is composed of smooth muscle cells lacking functional TSC2 [27, 28] . To validate the expression of ERα and PgR, we measured their transcript levels using quantitative RT-PCR. The relative transcript level of ERα was fourfold higher in 621-101 cells (CT=32.5) relative to normal human lung bronchial epithelial cells (BEAS-2B) (CT=31.6) (Fig. 1a) . Interestingly, the transcript level of ERα was much lower in 621-101 cells relative to that in breast cancer MCF-7 cells (CT= 24.5) (Fig. 1a) . Moreover, the transcript level of PgR was detectable in 621-101 cells (CT=31.6), although the value was lower than that of MCF-7 cells (CT=22.2) (Fig. 1a) . Furthermore, the expression of ERα (CT=34.5) and PgR (CT=23.8) was confirmed in rat uterine leiomyoma-derived ELT3 cells (Fig. 1a) , consistent with previous findings [6, 27] . To further determine the accumulation of ERα and PgR in TSC2-deficient LAM patient-derived and rat-derived cells, we performed immunofluorescent staining of ERα and PgR in 621-101, ELT3-V3, BEAS-2B, and MCF-7 cells. Nuclear staining of ERα and PgR was evident in both 621-101 and ELT3-V3 cells (Fig. 1b) . Intense nuclear staining of ERα and PgR was also found in MCF-7 cells as expected [29, 30] . Interestingly, nuclear staining of ERα and PgR was also observed in BEAS-2B, consistent with previous findings [31] .
To determine the impact of progesterone stimulation on TSC2-deficient cells, we examined the activation of Akt and ERK1/2, which are known signaling molecules influenced by E 2 in TSC2-deficient cells [23, 25, [32] [33] [34] [35] [36] . We found that E 2 Fig. 1 Progesterone activates Akt and ERK1/2 and enhances the proliferation of TSC2-deficient cells in vitro. a The relative transcript levels of ERα and PgR in patient-derived cells, rat-derived cells, MCF-7, and BEAS-2B cells. The actual CT values of the ERα and PgR transcript were shown in the tables. b Representative immunofluorescent staining images of ERα and PgR in patient-derived cells (621-101), rat-derived cells (ELT3-V3), BEAS-2B, and MCF-7 cells. c Patient-derived cells were treated with 10 nM E 2 , 10 nM progesterone (Pg), 10 nM E 2 + 10 nM Pg, or vehicle control for 0.5, 4, and 24 h. Immunoblot analysis of phospho-Akt (Ser473), phospho-ERK1/2 (Thr202/Tyr204), and phospho-S6 (S235/236). A densitometry of phospho-ERK1/2 and ERK1/2 was performed. d LAM patient-derived cells were treated with 10 nM E 2 , 10 nM progesterone (Pg), 10 nM E 2 +10 nM Pg, or vehicle control for 24, 48, and 72 h. Cell proliferation was measured using crystal violet staining assay. e TSC2-deficient rat uterus-derived ELT3 cells were treated with 10 nM E 2 , 10 nM progesterone (Pg), 10 nM E 2 +10 nM Pg, or vehicle control for 24, 48, and 72 h. Cell proliferation was measured using crystal violet staining assay. f Patient-derived cells were in complete media (containing steroids) or in phenol red-free media supplemented with charcoal-dextran-stripped FBS (depleting steroids) for 72 h and measured cell growth at 24, 48, and 72 h post-cell seeding. Cell proliferation was measured using crystal violet staining assay. *p<0.05, **p<0.01, Student's t test treatment for 0.5, 4, and 24 h induced a biphasic activation of ERK1/2 (T202/Y204) by 70, 20, and 140 %, respectively, compared with vehicle control (p<0.01, Fig. 1c) , as previously reported [23, 25, [32] [33] [34] [35] [36] . Interestingly, progesterone treatment for 0.5, 4, and 24 h also induced a biphasic activation of ERK1/2 (T202/Y204) by 80, 20, and 140 %, respectively, compared with vehicle control, in TSC2-deficient LAM patient-derived cells (p<0.01, Fig. 1c) . Moreover, progesterone treatment induced phosphorylation of Akt (Ser 473) at 0.5, 4, and 24 h by 40, 85, and 100 % (Fig. 1c) . Importantly, the combination of progesterone and E 2 did not further increase the levels of phospho-Akt (Ser 473) or phospho-ERK1/ 2 (T202/Y204) compared with progesterone or E 2 treatment alone in LAM patient-derived cells (Fig. 1c) .
To determine the impact of progesterone stimulation on cell growth, we treated TSC2-deficient LAM patient-derived and rat-derived cells with progesterone, E 2 , or progesterone plus E 2 , for 24, 48, and 72 h. Progesterone treatment did not affect the proliferation of LAM patient-derived cells (Fig. 1d) . Interestingly, progesterone plus E 2 enhanced the proliferation of LAM patient-derived cells (p<0.01, Fig. 1d ). In rat-derived cells, progesterone alone had a modest effect in cell proliferation, but progesterone plus E 2 significantly increased cell proliferation (p<0.01, Fig. 1e ). We also observed that E 2 promoted the growth of both LAM patient-derived and ratderived cells, as previously reported [23, 32, 34, 35] . These data indicate that progesterone exerts differential actions on phosphorylation of signaling pathway components and the growth in TSC2-deficient cells in nutrient-poor conditions.
To determine whether patient-derived cells require steroids to grow in nutrient-rich conditions, we cultured these cells in complete media (containing steroids) or in phenol red-free media supplemented with charcoal-dextran-stripped fetal bovine serum (FBS) (depleting steroids) for 72 h and measured cell growth at 24, 48, and 72 h post-cell seeding. We found that the growth rates of patient-derived cells were similar between steroid-containing and steroid-depleting conditions (Fig. 1f) , suggesting these patient-derived cells do not require steroids to grow in nutrient-rich conditions.
Progesterone Enhances the Migration of TSC2-Deficient Cells We asked whether progesterone treatment affects the migration of TSC2-deficient. In rat-derived cells, progesterone increased the migration of cells by ∼90 % (p<0.01, Fig. 2a ). E 2 stimulation also increased the number of migrating cells by ∼110 %. Interestingly, combination of progesterone and E 2 did not further enhance cell migration (Fig. 2a) . In LAM patient-derived cells, progesterone increased the migration of by ∼80 % (p<0.05, Fig. 2b ). E 2 stimulation also increased the number of migrating cells by ∼90 %, confirming the finding by Gu et al. [34] . Interestingly, combination of progesterone and E 2 did not further enhance cell migration compared to either steroid alone (Fig. 2b) .
To examine the effect of steroid hormone receptor antagonists in cell culture models, we tested the estrogen receptor antagonist ICI 182,780 (fulvestrant) and PgR antagonist RU-486 (Mifepristone), singly or in combination, in TSC2-deficient patient-derived cells. First, ICI 182,780 or RU-486 single treatment suppressed E 2 or Pg-enhanced cell migration. The combination of ICI 182,780 and RU-486 also inhibited cell migration compared to either inhibitor alone (Fig. 2b) . These results point toward a critical role of progesterone/ estradiol and PgR/ERα in the migration of TSC2-deficient cells.
Progesterone Enhances the Invasiveness of TSC2-Deficient Cells We have previously reported that E 2 increased the invasion of rat-derived cells [25] . To examine whether progesterone treatment stimulates the invasiveness of TSC2-deficient, we treated rat-derived and LAM patient-derived cells with progesterone, E 2 , or progesterone plus E 2 , for 24 h, and then performed a Matrigel invasion assay. In ratderived cells, progesterone increased the invasion of cells by fourfold (p<0.05, Fig. 3a ). E 2 stimulation also increased the number of invading cells by fourfold, confirming the finding by Gu et al. [34] . Interestingly, combination of progesterone and E 2 did not further enhance cell invasion (Fig. 3a) . In patient-derived cells, progesterone increased the number of invading LAM patient-derived cells by ∼3.5-fold (p<0.01, Fig. 3b ). E 2 stimulation increased cell invasion by fourfold, consistent with previous studies [25, 34] . Interestingly, the combination of progesterone and E 2 did not further increase cell invasion (Fig. 3b) . These results indicate that progesterone enhances the invasion of TSC2-deficient cells.
Next, we examined the consequence of ICI 182,780 and RU-486, singly or in combination, in the invasiveness of TSC2-deficient patient-derived cells. ICI 182,780 or RU-486 single treatment suppressed E 2 or Pg-enhanced cell invasion. The combination of ICI 182,780 and RU-486 also blocked cell invasion compared to vehicle control (Fig. 3b) . These results indicate a critical role of progesterone/estradiol and PgR/ERα in the invasion of TSC2-deficient cells.
Progesterone and Estradiol Synergistically Decrease ROS in TSC2-Deficient Cells We recently found that E 2 enhances the survival of TSC2-deficient cells [23] , in part through the pentose phosphate pathway (PPP) [35] . We found that TSC2-deficient LAM patient-derived cells produced higher levels of ROS by 32 % relative to TSC2-addback cells (p<0.01, Fig. 4a ). Similarly, rat-derived cells produced higher levels of ROS levels by 28 % relative to TSC2-addback cells (p<0.01, Fig. 4a ), consistent with previous studies [32, 35] .
We next measured the cellular levels of ROS in the presence or absence of hydrogen peroxide (H 2 O 2 ). As expected, H 2 O 2 treatment led to a 20 % increase of ROS (p<0.01, Fig. 4b ), and E 2 treatment decreased ROS levels by ∼30 % (p<0.01, Fig. 4b ). Interestingly, progesterone treatment caused ∼30 % reduction of ROS levels relative to vehicle control (p<0.01, Fig. 4b ). Importantly, progesterone plus E 2 decreased ROS levels, more so than either progesterone or E 2 in LAM patient-derived cells (p<0.01, Fig. 4b ). Similar results on ROS production were also seen in Tsc2-deficient rat-derived cells (Fig. 4c ). These data indicate that progesterone and E 2 reduce the cellular levels of ROS. We then assessed the impact of progesterone and/or E 2 on the production of nicotinamide adenine dinucleotide phosphate reduced form (NADPH), a co-enzyme involved in protecting against the toxicity of ROS. E 2 increased the cellular levels of NADPH (p<0.05, Fig. 4d ), as expected. However, progesterone or progesterone plus E 2 did not affect the levels of NADPH in LAM patient-derived cells (Fig. 4d) . These data indicate that progesterone and E 2 affect the oxidative stress response in cells lacking TSC2.
To define the mechanism responsible for the steroidinduced alteration of oxidative stress, we measured the intracellular levels of glutathione (GSH), an important antioxidant molecule protecting cells from damage caused by ROS. We found that E 2 plus Pg treatment resulted in 2.5-fold increase in intracellular GSH levels compared with the treatment of E 2 or Pg alone in patient-derived cells (Fig. 4e) , suggesting an important action of E 2 and Pg in oxidative defense in LAM patient-derived cells.
Progesterone and Estradiol Synergistically Attenuate the Death of TSC2-Deficient Cells To assess the effect of progesterone and/or E 2 in the survival of TSC2-deficient cells under oxidative stress, cells were treated with H 2 O 2 or vehicle control for 0.5 h in the presence or absence of Pg, E 2 , or Pg plus E 2 for additional 24 h. Cell morphology showed that H 2 O 2 -triggered cell death was modestly rescued by Pg or E 2 treatment (Fig. 5a ) and strongly rescued by Pg plus E 2 stimulation in LAM patient-derived cells (Fig. 5a ) and rat-derived cells (Fig. 5b) . Using the PI exclusion assay, E 2 or Pg single treatment reduced cell death by 20 and 30 % relative to vehicle Fig. 5c ). In LAM patient-derived cells, E 2 or Pg single treatment reduced cell death by 10 and 10 % relative to vehicle control. The combination of progesterone and E 2 significantly reduced H 2 O 2 -induced cell death by 30 % relative to control LAM patient-derived cells (p<0.01, Fig. 5d ). These data suggest that Pg and E 2 synergistically enhance the survival of TSC2-deficient cells particularly under conditions of oxidative stress.
Next, we examined the consequence of ICI 182,780 and RU-486, singly or in combination, in the survival of TSC2-deficient patient-derived cells. ICI 182,780 or RU-486 single treatment moderately increased E 2 -reduced cell death by 5 % and Pg-reduced cell death by 10 %. The combination of ICI 182,780 and RU-486 more strongly increased cell death by 17 % compared to either inhibitor alone (Fig. 5f) . These results indicate a critical role of progesterone/estradiol and PgR/ERα in the survival of TSC2-deficient cells under oxidative stress.
Progesterone and Estradiol Synergistically Promote Lung Metastasis of Tsc2-Deficient Cells in a Preclinical Model of LAM We previously found that E 2 promotes the lung [23] . To determine whether progesterone singly or in combination with E 2 affects the metastasis of ELT3 cells, we supplemented female ovariectomized scid mice with slow-releasing pellets of progesterone, E 2 , or the combination of progesterone and E 2 and then subcutaneously inoculated ELT3 cells. At week 7 post-cell inoculation, E 2 treatment increased the volume of xenograft tumors by 2.4-fold (p<0.01, Fig. 6a ), consistent with our previous work [23] . Progesterone treatment did not affect the growth of xenograft tumors, and the combination of progesterone and E 2 increased the growth of xenograft tumors to the same extent as that of E 2 treatment (Fig. 6a) .
Lung metastases were scored by an observer blinded to the experimental conditions. Five of the ten E 2 -treated mice (50 %) developed lung metastases, with an average of four micrometastases/mouse (range 3-10) (Fig. 6b) . In contrast, only one of the ten placebo-treated mice (10 %) developed a single metastasis, and none of mice treated with progesterone developed lung metastases. Importantly, lung metastases were identified in all four of the progesterone plus E 2 -treated mice (100 %) (Fig. 6b) , with an average of 12 micrometastases/   Fig. 4 Progesterone and estradiol synergistically decrease ROS and increase GSH in TSC2-deficient cells. a Cellular levels of ROS were measured using DCFH-DA in patient-derived or rat-derived cells grown in serum-free conditions.
levels of GSH were measured in patientderived cells treated with 10 nM E 2 , 10 nM Pg, 10 nM E 2 +10 nM Pg, or vehicle control for 24 h. Data was normalized to total protein levels. Results are representative of three sets of independent samples per group from three experiments. *p<0.05, **p<0.01, Student's t test mouse (range 5-20) (Fig. 6b) . Together, these data suggest that the combination of progesterone and E 2 more potently promotes lung metastasis of Tsc2-deficient cells compared with E 2 treatment alone.
To qualify the in vivo findings that E 2 and Pg synergistically promote the lung metastasis of Tsc2-deficient cells, we first examined the lung morphology and identified the accumulation of abnormal cell clusters in the E 2 or E 2 plus Pgtreated mouse lungs compared with the vehicle treatment (Fig. 6c) . Interestingly, Pg treatment had no effect on lung Progesterone and estradiol synergistically promote lung metastasis of TSC2-deficient cells in a preclinical model of LAM. ELT3 cells were subcutaneously injected into female ovariectomized mice implanted with slow-releasing pellets of E 2 , progesterone, E 2 + progesterone, or placebo. a The tumor volume was calculated at 8-week post-cell inoculation. b The number of lung metastases in female mice was scored: placebo (P) (n=10), E 2 (n=8), progesterone (Pg) (n=4), and E 2 plus progesterone (E 2 + Pg) (n= 4). *p<0.05, **p<0.01, Student's t test. c Lung sections from female mice were stained with H&E. Arrowheads point to metastatic lesions in mouse lungs. d Immunohistochemical staining of smooth muscle actin (SMA) and phospho-S6 (Ser235/235) in mouse lung sections. e Immunofluorescent double staining of phospho-S6 and PCNA in mouse lung sections metastasis of Tsc2-deficient ELT3 cells (Fig. 6c) . Next, we performed immunostaining of lung lesions for smooth muscle actin (SMA), phospho-S6 (S235/236), and proliferating cellular nuclear antigen (PCNA). We found that E 2 -and E 2 plus Pg-promoted lung metastatic lesions cells are positive for smooth muscle actin (Fig. 6d) , confirming the leiomyoma origin [23, 27, 28] ; positive for phospho-S6 (Fig. 6d) , indicating the mTORC1 hyperactivation [37] ; and positive for PCNA, suggesting the proliferating tumor cells in the lung (Fig. 6e) .
Progesterone Induces Alveolar Wall Thickening in a Preclinical Model of LAM Despite the fact that progesterone did not affect lung metastasis of Tsc2-deficient cells (Fig. 6) , the evaluation of lung morphology from hematoxylin and eosin-stained section showed striking interstitial alterations in Pg-treated mouse lungs compared with all other treatment groups (Fig. 7a) . To define the lung interstitial alterations, we first quantified the area of the alveolar space and found that Pg treatment markedly reduces the alveolar area relative to all other treatment groups (Fig. 7b) , indicating the development of alveolar thickening. Next, we tested the hypothesis of immune cell infiltration by immunostaining for lymphocyte common antigen (LCA or CD45). We observed abundant accumulation of LCA-positive cells in the alveolar wall of lungs from a Pg-treated mouse (Fig. 7c) , suggesting that Pg-induced lung alteration is associated with lymphocyte infiltration. We also hypothesized that progesterone treatment causes thickening of alveolar epithelium. We performed immunofluorescent staining of lung sections with surfactant protein C (SPC), a marker for alveolar epithelial type II cells. Surprisingly, we found that Pg treatment increased the accumulation of SPC-positive cells in alveolar space compared with all other treatments (Fig. 7d) , suggesting a specific role of progesterone in regulating alveolar wall integrity.
Discussion
LAM is a female-predominant lung disease characterized by the abnormal proliferation of smooth muscle cells and progressive cystic destruction that can lead to respiratory failure and fatality [3, 15] . The gender specificity of LAM suggests that circulating female hormones including progesterone and estradiol may contribute to disease development. However, the mechanisms responsible for the action of progesterone and estradiol in cells with TSC2 deficiency have not been extensively studied. In current study, we found that progesterone or progesterone plus estradiol activated Akt and ERK1/2, stimulated the proliferation, and promoted the migration and invasiveness of TSC2-deficient LAM patient-derived and rat uterine leiomyoma-derived ELT3 cells in vitro. Moreover, progesterone plus estradiol synergistically reduced the cellular levels of ROS, increased the levels of glutathione, and enhanced cell survival under oxidative stress. In vivo, combination of progesterone and estradiol promoted the growth of xenograft tumors of Tsc2-deficient cells. Importantly, treatment of progesterone plus estradiol increased the number of lung micrometastases of TSC2-deficient cells compared with estradiol treatment. Interestingly, progesterone induced immune cell infiltration and alveolar wall thickening.
In the past 35 years, anti-estrogen therapies have been used in the treatment of LAM; however, the benefit of progesterone therapy has not been promising in most of the clinical studies [20, 21, [38] [39] [40] [41] [42] [43] [44] [45] . Our in vitro and in vivo results differ from previous studies. We hypothesize that E 2 drives and Pg enhances the metastatic potential of Tsc2-deficient cells via the cognate receptors ERα and PgR. Importantly, PgR is one of the well-defined targets of E 2 regulation. In the absence of E 2 , the Pg/PgR stoichiometry may be imbalanced. Consequently, the actions of Pg may be limited. In the presence of E 2 , the expression of PgR is elevated, allowing more binding of Pg with PgR and subsequent higher PgR-mediated transactivation of targeted genes, leading to a synergistic effect of E 2 and Pg. Recently, Gao et al. have reported that the expression of progesterone receptor is significantly higher than that of estrogen receptor in pulmonary LAM, suggesting a potential role of PgR in LAM pathogenesis [46] . In a preclinical model of LAM, Prizant et al. reported that E 2 or E 2 plus Pg increases the growth of uterine tumors and lung metastasis of uterine tumor cells, although Pg alone did not affect these alterations [24] , consistent with our preclinical findings. Despite the lack of effect of Pg in lung metastasis of tumor cells, we observed striking alveolar alterations of immune cell infiltration and alveolar thickening in the lungs of mice treated with Pg. To our knowledge, this is the first report describing a direct effect of progesterone in promoting immune responses and alveolar integrity, suggesting that progesterone may play an important role in LAM pathogenesis and progression.
The impact of estradiol on the growth and metastatic behaviors of TSC2-deficient cells have been reported. Estradiol treatment activated p44/42 MAPK and the proliferation of rat uterine leiomyoma-derived cells [23, 32] . Gu et al. found that estradiol stimulation activates ERK1/2, increases migration and invasion, and promotes epithelial-to-mesenchymal transition of LAM patient-derived cells [34] . Sun et al. reported that estradiol treatment promoted glucose metabolism via enhanced pentose phosphate pathway addiction, increased the glucose uptake in vitro via Akt reactivation, and increased the survival of LAM patient-derived cells in a G6PD-dependent manner [35] . In addition, Li et al. demonstrated that estradiol treatment increased the phospholipid-arachidonate breakdown, the expression of COX-2, and the production of Fig. 7 Progesterone induces alveolar wall thickening in a preclinical model of LAM. Rat-derived ELT3 cells were subcutaneously injected into female ovariectomized mice implanted with slow-releasing pellets of E 2 , Pg, E 2 + Pg, or placebo. a Lung sections from female mice were stained with H&E. b Quantification of alveolar air space in mouse lungs from all treatment groups. The area of alveolar space was scored from 30 random fields per lung section. The ratio of alveolar space to the corresponding lung area was calculated and illustrated in a scatterplot. c Immunohistochemical staining of CD45 in mouse lung sections. d Immunofluorescent staining of SPC in mouse lung sections. *p<0.05, **p<0.01, Student's t test prostaglandin metabolites in LAM patient-derived cells [33] . In this study, the effects of E 2 and/or Pg on cell proliferation and survival are subtle, but we repeatedly observe similar trends. One explanation for this subtle hormonal effect on cell proliferation might be caused by decreased ERα and PgR expression in cultures, with more striking effects likely in vivo. In agreement with this, we found that E 2 treatment led to a twofold increase of the growth of subcutaneous tumors of ELT3 cells at 8-weeks post-cell injection in a xenograft tumor model [23] .
Importantly, the migration and invasion of TSC2-deficient cells were more dramatically affected by E 2 and/or Pg treatment. Recent studies showed that E 2 treatment enhanced the migration of human-derived cells [34] and rat-derived ELT3 cells. More importantly, Faslodex treatment blocked the E 2 -promoted lung metastasis of ELT3 cells without affecting the growth of xenograft tumors [25] . Collectively, these studies imply a critical action of E 2 in regulating metastatic behaviors of TSC2-deficient cells more than their proliferation.
We previously showed that estradiol promotes the survival and lung metastasis of Tsc2-deficient ELT3 cells in a MEK1/2-dependent manner [23] . Although the impact of estradiol on the growth and metastatic behaviors of TSC2-deficient cells have been reported, the influence of progesterone in these cellular outcomes has not been extensively investigated in the context of TSC2 deficiency and LAM. Recently, Prizant et al. developed a novel uterine-specific Tsc2 knockout mouse model in which estradiol or estradiol plus progesterone promotes the growth of myometrial tumors and lung metastasis, although progesterone alone had no effect on these phenotypes [24] . In the current study, we found that progesterone was sufficient to activate ERK1/2 and Akt signaling pathways, although not sufficient to promote tumor growth or lung metastasis of Tsc2-deficient cells, indicating a potentially key pathogenic mechanism of progesterone action underlying the female hormone-driven progression of LAM.
LAM can lead to respiratory failure and death [3, 15] . Despite many advances in understanding mTOR-dependent and independent pathways and the clinical care of women with LAM, there remains a critical need for improved therapeutic options. The recent Multicenter International LAM Efficacy of Sirolimus Trial (MILES trial) demonstrated that the mTORC1 inhibitor Sirolimus stabilizes lung function in women with LAM; however, lung function decline resumed upon drug discontinuation [4] , indicating a curable therapeutic strategy is urgently needed. Our data highlight a mechanism for LAM pathogenesis, for the first time, that progesterone activates MEK1/2 and PI3K/Akt signaling pathways and enhances the migration and invasiveness of TSC2-deficient LAM patient-derived cells. It will be important to further investigate the molecular mechanisms responsible for the action of progesterone in LAM progression and test the efficacy of inhibition of progesterone and progesterone receptor in vitro and in vivo. We anticipate that targeting progesterone signaling may be beneficial in the treatment and/or in the prevention of women with LAM.
Materials and Methods
Cell Line and Culture Cell culture media and supplements were from GIBCO (Frederick, MD). Eker rat uterine leiomyoma-derived (ELT3) were developed by Howe et al. [28, 47] . ELT3 cells were transduced with a retroviral plasmid pMSCVneo-hTSC2 or its corresponding empty vector pMSCVneo and then selected with neomycin for 2 weeks. Stable clones were characterized for TSC2 expression [48] . The patient-derived cells were developed from a sporadic LAM-associated renal angiomyolipoma. These cells carry bi-allelic mutations of the TSC2 gene that are identical to the mutations found in the patient's pulmonary LAM cells [6] . An E6/E7 immortalized patient-derived cell line was developed [6] . Its corresponding TSC2-rescued control cell line has been described previously [49] . In brief, patient-derived cells were transfected with pcDNA3.1zeo-hTSC2 or its corresponding empty vector control pcDNA3.1zeo. Stable clones expressing TSC2 were selected using zeocin for 2 weeks as described previously [49] . Cells were cultured in DMEM/F12 supplemented with 10 % FBS, 0.2 μM hydrocortisone, 0.1 nM triiodothyronine, 0.01 μU/mL vasopressin, 1.6 μM FeSO 4 , cholesterol, human insulin-transferrin-sodium selenite (ITS), 100 ng/mL epidermal growth factor (EGF), 100 μg/mL zeomycin, and 1 % penicillin-streptomycin-amphotericin B (PSA). One week prior to hormonal treatment, cells were cultured in phenol red-free media supplemented with charcoal-dextran-stripped FBS (steroids depleted). All hormonal treatments were performed in phenol red-free and serum-free media.
Antibodies and Chemicals
The following chemicals were used: 17-beta-estradiol, progesterone, ICI 182,780 (fulvestrant), RU-486 (mifepristone), and propidium iodide (Sigma-Aldrich). Antibodies included phospho-ERK1/2 (T202/Y204), phospho-Akt (Ser473), phospho-S6 (S235/236), ERK1/2, and PCNA (Cell Signaling Technologies); tuberin (TSC2) (Santa Cruz); CD45 (BD Biosciences); SPC (Santa Cruz); smooth muscle actin (Biogenex); and β-actin (Sigma-Aldrich).
Immunofluorescent Staining Cells were seeded on glass coverslips and cultured in complete media. Cells were fixed with 4 % paraformaldehyde for 10 min, blocked in 1 % BSA/PBS/ Tween 20 (0.05 %) for 30 min, and incubated with primary antibody for 1 h and secondary antibodies for 1 h. Images were captured with a FluoView FV-10i Olympus Laser Point Scanning Confocal Microscope.
Cell Proliferation Assay Cells were seeded at a density of 3× 10 4 /mL in 96-well plate for 24 h and then treated with control, estradiol (10 nM), and progesterone (10 nM). Cell proliferation was measured using crystal violet. Briefly, cells were fixed with formalin for 5 min, stained with 0.05 % crystal violet (CV) for 30 min, washed three times with tap water, and air dried. Methanol (100 μL) was added to each well to solubilize the dye thoroughly. Absorbance at 540 nm was read on a plate reader (BioTek Synergy HT).
Transwell Migration Assay Cells were pre-incubated with control, estradiol (10 nM), progesterone (10 nM), and estradiol plus progesterone for 24 h and then seeded into 24-well Corning transwell. Twenty-four hours later, migrating cells were stained with crystal violet and quantitated.
Matrigel Invasion Assay Cells were pre-incubated with control, estradiol (10 nM), progesterone (10 nM), and estradiol plus progesterone for 24 h and then seeded into six-well BD BioCoat™ Matrigel™ Invasion Chamber (BD Biosciences). Twenty-four hours later, invading cells were stained with crystal violet and quantitated.
Cellular NADPH Quantification Cells were seeded in 12-well plates and then stimulated with control, estradiol (10 nM), progesterone (10 nM), and estradiol plus progesterone. Cells ( 1×10 5 ) were harvested and lysates were extracted with 200 μL of extraction buffer following the manufacturer's instruction. Levels of NADPH were measured using NADP/NADPH Assay kit (Abcam) and normalized to total cellular proteins.
Quantification of ROS Cells were seeded in 96-well plates and incubated with 50 μM DCFH-DA in 1x-Dulbecco's Phosphate-Buffered Saline (DPBS) for 45 min at 37°C. Fluorescence was read at 485 nm/525 nm. Levels of cellular ROS were normalized to the total number of cells.
Quantification of Intracellular GSH Cells were seeded in sixwell plates and then treated with control, estradiol (10 nM), progesterone (10 nM), and estradiol plus progesterone for 24 h. Cells (5×10 5 ) were harvested and whole cell lysates were extracted with 300 μL extraction buffer by freeze-thaw cycles. Intracellular levels of GSH were quantified (Cayman Glutathione Assay) and normalized to protein amounts.
Measurement of Cell Survival Cells were plated in the 96-well plates, treated with control, estradiol (10 nM), progesterone (10 nM), and estradiol plus progesterone for 24 h, and then exposed to 0.5 μM H 2 O 2 for 30 min. Cells were incubated with 5 μM propidium iodide in 100 μL 1x-DPBS for 30 min at 37°C. Fluorescence was read at 530 nm/620 nm. Data was represented as percentage of dead cells relative to the total number of cells.
Immunoblotting Cells were lysed in M-PER buffer (Pierce) supplemented with protease inhibitors and phosphatase inhibitor cocktails. Cleared cell lysates were obtained by centrifugation at 14,000 rpm for 10 min at 4°C and then subjected to immunoblotting.
Animal Studies Animal work was performed in accordance with protocols approved by the Institutional Animal Care and Use Committee-Fox Chase Cancer Center, Philadelphia. For xenograft tumor establishment, 1 week prior to cell inoculation, mice were implanted with estradiol pellets (90-day release, 1.7 mg/pellet), progesterone pellets (90-day release, 25 mg/pellet), estradiol plus progesterone (1.7 mg+25 mg/ pellet), or placebo pellets (Innovative America). Two million TSC2-deficient ELT3 cells were inoculated bilaterally into the rear flanks of the mice as described in our previous study [23] . Subcutaneous tumors were developed 4 weeks post-cell inoculation. The volume of xenograft tumor (width×length× depth) was measured using a digital caliper. Mice were sacrificed 8 weeks post-cell injection. To identify metastatic lesions, lung sections were stained with SMA, phospho-S6 (Ser235/236), CD45, SPC, and dual staining of PCNA and phospho-S6. The clusters of double positive cells were considered as lung metastases, resembling the proliferative phenotype of human LAM [37] . Furthermore, lung metastases were scored from 5-μm hematoxylin and eosin-(H&E) stained sections of each lobe by observers blinded to the experimental conditions as described [23] . Sections were deparaffinized and stained with Gill's H&E. The area of alveolar space was scored from 30 random fields per lung section. The ratio of alveolar space to the corresponding lung area was calculated and illustrated in a scatterplot.
Quantitative RT-PCR Total RNA was extracted using the RNeasy mini kit (Qiagen). cDNA was synthesized from 2 μg of total RNA using a high-capacity cDNA reverse transcription kit (Life Technologies) with random primers, according to the manufacturer's protocol. Gene expression was quantified using SYBR Green Real-Time PCR Master Mix kit (Life Technologies) in the Applied Biosystems RealTime PCR System and normalized to tubulin. The following primers were used: ERS1 (ERα) forward GCTTACTGACCAACCTGGCAGA Reverse GGATCTCTAGCCAGGCACATTC Tubulin forward GAGGAGATGACTCCTTCAACACC Reverse TGATGAGCTGCTCAGGGTGGAA PgR forward GTCGCCTTAGAAAGTGCTGTCAG Reverse GCTTGGCTTTCATTTGGAACGCC Rat-derived cell gene expression was quantified using OneStep qRT-PCR kits (Invitrogen) in the Applied Biosystems
Step One Plus Real-Time PCR System and normalized to β-actin, with PgR primer mix (Applied Biosystems Rn01448227_m1), EsR1 primer mix (Applied Biosystems Rn01640372_m1), and rat actin primer mix (Applied Biosystems 4352931).
Statistical Analyses All data are shown as mean±SEM. Measurements at single time points were analyzed by ANOVA and, if they demonstrated significance, were further analyzed by a two-tailed t test. All statistical tests were conducted using GraphPad Prism 6.0 (GraphPad Software, San Diego, CA, USA). P<0.05 was used to define statistical significance.
